Abstract Although many studies have indicated the consistent impact of warming on the natural ecosystem (e.g., an early flowering and prolonged growing period), our knowledge of the impacts on agricultural systems is still poorly understood. In this study, spatiotemporal variability of the heading-flowering stages of single rice was detected and compared at three different scales using field-based methods (FBMs) and satellite-based methods (SBMs). The headingflowering stages from 2000 to 2009 with a spatial resolution of 1 km were extracted from the SPOT/VGT NDVI time series data using the Savizky-Golay filtering method in the areas in China dominated by single rice of Northeast China (NE), the middle-lower Yangtze River Valley (YZ), the Sichuan Basin (SC), and the Yunnan-Guizhou Plateau (YG). We found that approximately 52.6 and 76.3 % of the estimated heading-flowering stages by a SBM were within ±5 and ±10 days estimation error (a root mean square error (RMSE) of 8.76 days) when compared with those determined by a FBM. Both the FBM data and the SBM data had indicated a similar spatial pattern, with the earliest annual average heading-flowering stages in SC, followed by YG, NE, and YZ, which were inconsistent with the patterns reported in natural ecosystems. Moreover, diverse temporal trends were also detected in the four regions due to different climate conditions and agronomic factors such as cultivar shifts. Nevertheless, there were no significant differences (p>0.05) between the FBM and the SBM in both the regional average value of the phenological stages and the trends, implying the consistency and rationality of the SBM at three scales.
Introduction
Phenology is the chronology of the periodic phases of the development and reproduction of living species. Climate impacts on the phenological changes of vegetation have become increasingly concerned in recent decades under ongoing climate change and variability (Doi et al. 2010; Ibanez et al. 2010; Wang et al. 2011) . In particular, the warming trend of the climate, which is unequivocally confirmed by a scientific consensus (IPCC 2013) , will undoubtedly impose significant influences on vegetation growth and phenology. Vegetation phenology could vary due to short-term climate fluctuations and shifts as a result of the long-term trend of climate change. Thus, monitoring the key phenological stages over wide areas is of fundamental importance for agricultural management, irrigation, models calibration and validation, identifying the spatial distribution of vegetation types, and analyzing the plant response to climate change (Dingkuhn and Le Gal 1996; Tubiello et al. 2007 ; Thornton et al. 2009; Sacks and Kucharik 2011; Foerster et al. 2012; Zhang and Tao 2013) .
Phenological changes had been observed in different ecological systems throughout the world, including America (Bradley et al. 1999) , China (Chen et al. 2005) , Germany (Menzel et al. 2001; Chmielewski et al. 2004; Estrella et al. 2007; Siebert and Ewert 2012) , UK (Sparks et al. 2000) , Southern Spain (García-Mozo et al. 2010) , Lithuania, and Latvia (Romanovskaja et al. 2009 ). The observed ecosystems extended from natural vegetation (e.g., forest and grass) (Badeck et al. 2004; Morin et al. 2010 ) to crop systems (e.g., soybean, wheat, and rice) (Setiyono et al. 2007; Tao et al. 2012; . Relatively many phenological studies on the natural vegetation have been conducted and consistent results have been concluded, such as advanced flowering, prolonged growth period, and delayed defoliation (Sparks and Carey 1995; Fitter and Fitter 2002; Menzel et al. 2006; Piao et al. 2006; Karlsen et al. 2009 ). However, the results in crop systems are still under critical debate due to the frequent influence of human activity. For example, Tao et al. (2012) found that nearly 40 % of more than 100 national agrometeorological experiment stations across China indicated a significantly advanced trend for heading-flowering stage and maturity stage for wheat. Meanwhile, the lengths of the growing period and vegetative growing period exhibited a significantly decreasing trend at approximately 30 % of the investigated stations, in contrast to a prolonged reproductive period at approximately 60 % of the stations. Moreover, Tao et al. (2013) further proved the relationship between rice phenological change and warming varied in different rice cultivated systems, cultivars, and rice growing periods. In the study of the spatiotemporal changes in maize phenology, temperatures and their correlations in Northeast China (NE) between 1990 and 2012, Li et al. (2014) found significantly advanced seedling/heading dates, delayed maturity dates, and increased growing periods at more investigated stations, which indicated the substantial influence of agronomic factors on the shift in maize phenology. In any case, acquiring the phenological data over wide areas is essential and challenging for the current scientific studies.
Generally, there are two methods, FBMs and SBMs, to obtain the crop phenological information. Traditional FBMs are time consuming and costly, impractical to extend to large areas (Sakamoto et al. 2010) . By contrast, SBMs with a large spatial coverage and periodic sampling has great potential for monitoring vegetation growth at multiple scales. However, many previous studies on crop systems using SBMs has focused on only very limited areas , and only a few studies are conducted at national and global scales due to the complexity of dealing with multiple crops within a growing season (Sehgal et al. 2011; Wu et al. 2010 ). Here, we applied both a FBM and a SBM to diagnose the dynamics of the key phenological stage (heading-flowering) of single rice in China since heading-flowering stage is recognized as a critical period in the reproductive phase, significantly influencing the final yield (Moldenhauer and Slaton 2001) . The FBM was based on the newly observed data at 58 agrometeorological stations (AMSs) across the major single rice cultivation regions of China, spanning the years from 2000 to 2009, and the SBM on the NDVI time series data in East Asia using the Savizky-Golay (SG) filter method. We aimed to understand in the latest decade: (1) the spatial pattern of the heading-flowering stage of single rice at three different spatial scales (AMS, grids adjacent to the station (GAS), and grids in the entire region (GER)), (2) the extent of change, if any, of the heading-flowering stages at three spatial scales, and (3) the ability of SBM to capture the heading-flowering stage of single rice at the national scale.
Data and method

Study area and data sources
The single rice cultivation regions in China were divided into four regions: NE, the middle-lower Yangtze River Valley (YZ), Sichuan Basin (SC), and Yunnan-Guizhou Plateau (YG) (Mei et al. 1988; Papademetrieu 2000) (Fig. 1 ). There were a total of 58 different AMSs in the study area, including 15 stations in NE, 14 stations in YZ, 16 stations in SC, and 13 stations in YG. The observations from 2000 to 2009 at each AMS included detailed information, such as station number, station name, province name, latitude, longitude, year, and days of the year (DOY) for the heading-flowering stages that were the critical periods in the reproductive phase influencing the final rice yield.
In addition, SPOT VGT-S10 NDVI products (10-day composites of 1-km resolution) in East Asia from 2000 to 2009 were used to represent the spectral reflectance characteristics of the single rice. To diminish the atmospheric noise and negatively biased noise caused by clouds, the data products were developed by the maximum value compositing (MVC) method to select the best ground reflectance value in the 10-day period (Holben 1986) , which resulted in 36 composites in 1 year. In addition, the status map containing the data flag, cloud, and land mask information was also adopted to determine the quality of the NDVI value.
To determine the single rice cultivation region, data for land use in a 1-km grid of China in 2005 was obtained from the Data Sharing Network of Earth System Science (http:// www.geodata.cn/Portal/).
Method
The trajectories of the NDVI time series curve were linked closely with the crop phenological processes (McCloy and Lucht 2004) , and many previous studies had successfully identified phenological phases of natural vegetation according to the characteristics of the NDVI seasonal variation (Kross et al. 2011; Cong et al. 2012; Jeganathan et al. 2014) . Here, we focused on the heading-flowering stages of single rice. First, the original SPOT/VGT NDVI datasets in East Asia were clipped to the official boundary of China according to the China administrative map. Second, for the type of paddy field, only the land use grid percentage value larger than 50 % was selected to be regarded as the typical rice-growing area. Third, combined with the typical rice-growing area, the NDVI timeseries dataset was obtained for the following analysis. Last, the SG fitting function was used for data filtering and removing noise to reconstruct smooth NDVI time-series data, extracting the key phenological stage data for each of the growing season from 2000 to 2009. To decrease the influence of the low quality pixel and achieve better fitting results, the quality data (including the data flag, cloud, and land mask information) was used for assigning weights before applying the fitting model function. Here, the high-quality weight was set to 1, the low-quality weight was set to 0.2, and the poorquality weight was set to 0.1. Furthermore, combined with the observed data at AMSs using the FBM, subsequent analysis of the spatial pattern and temporal trends of the key phenology stage was conducted at different scales (Fig. 2 ).
Savitzky-Golay filtering method
Generally, there are several filtering methods, such as SG, Asymmetric Gaussian and Double Logistic functions, available to explore and extract a number of seasonality parameters Eklundh 2002, 2004) . SG filtering was used in this study for smoothing and suppressing the disturbances to obtain a reconstruction of the NDVI datasets according to Eq. (1). This method was developed to make data approach the upper NDVI envelope and to reflect the changes in NDVI patterns via an iteration process. It has been demonstrated to be very simple in theory and easy to implement to obtain high-quality NDVI time-series (Savitzky and Golay 1964; Chen et al. 2004) .
where NDVI i is the original data value, NDVI i * is the fitting result, C j is the coefficient for the ith NDVI value, j is the running index of the original ordinate data table, and N is the number of convoluting integers and equals to the smoothing window size (2n+1). The weight coefficients C i perform a polynomial least-squares fit within the filter window, which is determined by two parameters: n and d. n is mentioned above as the half-width of the smoothing window, and d specifies the degree of the fitting polynomial, with a typically range from 2 to 4. 
Extraction of the heading-flowering stages
The heading-flowering stages were identified as the time of the annual maximum on the fitted NDVI curve (Sun et al. 2009; Huang et al. 2013) . Correspondingly, only one typical peak for single rice would be shown for most of grids during 1 year's running in NE (Fig. S1a) . However, in a diversified cropping system, there existed more than one maximum of NDVI value in 1 year due to the crop rotation, such as wheat with rice and rice with other crops in the southern regions (YZ, SC, and YG) (Fig. S1b) . To avoid the extraction of such multiple peaks, a restricted time window (July to September) of the key phenological stage of the single rice must be used to exclude the disturbance of other rotation crops. Here, only the peak value within the time appropriate window was identified as the potential single rice. The 3-month limitations would not exclude the heading-flowering stage (Sun and Huang 2011) .
Definition of the three spatial scales
The AMS scale was based on the 58 actual AMSs across the main single rice planting areas. Grid adjacent to a station (GAS) was the second scale, which was defined as the buffer with a 5-km radius around an AMS. The average value of all pixels in the buffer was selected as the typical headingflowering stage at the GAS scale. For the third scale, the average value of all of the GER was used.
Kernel density estimation and one-way ANOVA method
Kernel density estimation is a nonparametric density estimation used to model the probabilistic or stochastic structure of a data set (Sheather 2004) . It was used to estimate the distribution of heading-flowering stages in the four study regions and defined as Eq. (2).
where f ∧ h x ð Þ is the estimated density function of random variables x. n is the number of sample X i , and h is bandwidth which controls the degree of smoothing applied to the sample data. K(u) is the Gaussian kernel function defined as Eq. (3).
In statistics, one-way analysis of variance (ANOVA) is a method to compare means of two or more samples using the F distribution (Howell 2002) . Here, the method was used to analyze the difference of the spatiotemporal patterns of the heading-flowering stages at three spatial scales. 
Results
Validation of the phenological data between the AMS and GAS scales One-to-one comparison between the observed and the estimated heading-flowering stages at the AMS and GAS scales is shown in Fig. 3 , which depicts the performance of SG filtering method for detecting the key phenological stage. Generally, for all of the AMSs across the entire study region, the amounts of points scattered closely around the 1:1 line indicated the accuracy of the SBM compared with the FBM. In addition, note that the estimated time derived from the fitting curve had a minimum allowed error of ±10 days because the NDVI data used here was a 10-day composite product without an exact time of the scene acquisition (Bradley et al. 2007 ). As in Fig. S2 , the percentage of the number of cases in which the estimation error was within ±5 and ±10 days for the entire single rice cultivation region was 52.62 and 76.31 %, respectively. Only 23.69 % of the cases exceeded ±10 days of estimation error, which were acceptable considering the large scale and complex local environment. In addition, the root mean square error (RMSE) of the estimated key phenological stages estimated by the SBM at the GAS scales was 8.76 days from 2000 to 2009.
However, the SG filtering method exhibited different performance abilities for detecting heading-flowering stages in different single rice cultivation regions. The estimation at the GAS scales in NE had the best results with 70.14 and 95.83 % cases within ±5 and ±10 days estimation errors, respectively. Meanwhile, cases with estimation error exceeding ±10 days accounted for only 4.17 %. By contrast, with regard to the cases in YZ, SC, and YG, the percentage with an estimation error within ±5 days reached 44.55, 41.18, and 48 %, respectively, while 69.31, 61.34, and 72 % of the cases in YZ, SC, and YG, respectively, was within ±10 days. YG had a better estimation performance than the other two regions. In addition, the RMSE of estimated key phenological stages at the GAS scale in NE, YZ, SC, and YG were 5.12, 9.44, 10.16, and 10.73 days, respectively, which also demonstrated the different estimation performances in each region.
Spatial distribution patterns of the annual average headingflowering stages of single rice at the AMS, GAS and GER scales Generally, the heading-flowering stages of single rice should be in the period between July and September according to the traditional cropping calendar. As depicted in Fig. 4 , a distinctly different spatial pattern of the annual average headingflowering stages ranging from 195 to 255 days was found at both the AMS and GER scales. At the AMS scale, most of the value in YZ was larger than those of the other three cultivation regions, indicating a later heading-flowering stage. In YZ, six stations located in the eastern part exhibited a larger value (231-255) than those of the other eight stations in the Midwest (221-230). By contrast, the value in SC was the smallest among the four regions, with an observed early headingflowering stage, while the range of values in NE and YG was between the above two regions. In SC, the southeastern part including nine stations had earlier stages (195) (196) (197) (198) (199) (200) (201) (202) (203) (204) (205) (206) (207) (208) (209) (210) than the seven stations in the northwest (211-230). In NE, three stations out of the 15 AMSs located in the east had late stages (221-231). Similarly, most stations in YG had stages before Fig. 3 The scatter plots of the observed and estimated headingflowering stages of single rice at AMS and GAS scales in China during [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] 220 days, with only three stations in the middle part being later than that. At the GER scale, a similar spatial distribution pattern was also displayed compared with the AMS scales. For all of the grids in NE, YZ, SC, and YG, the headingflowering stages had an average value of 221.8±2.2 (spatial SD), 231.4±5.1 (SD), 211.1±3.1 (SD), and 219.5±5.0 (SD), respectively. Apparently, regions in the YZ and YG exhibited a larger spatial variability than the other two regions.
Furthermore, across each cultivation region, the annual average heading-flowering stages at three scales (AMS, GAS, and GER) were compared to demonstrate the rationality of using the SBM in monitoring the phenology at a large area. In Fig. 5, during 2000 to 2009, the median value (day) of the annual average phenological stages was 218.8, 221.3, and 221.8 in NE at the AMS, GAS, and GER scales, respectively. In YZ, the median value was 230.3, 229.4, and 231.0 at the AMS, GAS, and GER scales, respectively. Similarly, the median value was 208.2, 209.3, and 211.0 at the AMS, GAS, and GER scales, respectively, in SC, while it was 218.5, 217.2, and 219.4 at the AMS, GAS, and GER scales, respectively, in YG. For the regional average value (day), it was 219.0, 221.9, and 221.8 in NE, 232.9, 229.8, and 231.4 in YZ, 209.1, 210.6, and 211.1 in SC, and 218.2, 216.9, and 219.5 in YG at the AMS, GAS, and GER scales, respectively. Generally, the median and average value of the annual average phenological stages at three scales in the four regions were very close, indicating the rationality of SBM to some degree.
Kernel density estimation of the distribution of the headingflowering stages in the four regions
In fact, the rice heading-flowering stages were heterogeneous at both the spatial and inter annual time scales due to the different rice varieties and growing conditions. However, in a specific region with similar climate conditions, the headingflowering stages should follow a certain distribution that is limited within a time domain. Figure 6 shows the probability distribution curves derived in the four study regions using the kernel density estimation method according to the estimated annual average heading-flowering stages at the GER scale. The heading-flowering stages could be reported with a 95 % confidence in the interval of 218.1 to 225.5 in NE, 222.9 to 240.5 in YZ, 206.0 to 216.2 in SC, and 211.4 to 228.3 in YG. The probability density curve derived by the kernel density estimation indicated the phenological distribution in the similar cultivation region, which had been shortened from the referring 3-month time window to approximately 20 to 30 days. In addition, a distinct temporal difference in different regions was found, which well reflected the different time Temporal trends in the heading-flowering stages of single rice at the AMS, GAS and GER scales As shown in Fig. 8 , the temporal trends exhibited large spatial differences in the entire country. The heading-flowering stages of single rice were generally delayed at 34 stations (58.6 %) of the investigated 58 stations during 2000-2009. However, an obvious regional pattern was found for the four cultivation regions. At the AMS scale, the heading-flowering stages were delayed at 12 stations (80 %) in NE. In YZ, the heading-flowering stages advanced at nine stations (64.3 %), of which most were concentrated in the eastern part. In SC, five stations (31.23 %) in the middle part exhibited advanced phenological stages, while the remaining 11 stations indicated to delay over the 10 years. By contrast, the middle part of YG exhibited a delayed trend at six stations (46.2 %) of the13 investigated stations. Using the SBM, a similar spatial pattern Fig. 5 Box plot of annual average heading-flowering stages of single rice across NE, YZ, SC, and YG at AMS, GAS, and GER scales respectively, during 2000-2009 Fig. 6 The probability density curve of the annual average heading-flowering stages (day) at GER scales estimated by kernel density method in four regions, respectively of the trends in the heading-flowering stages was also found at the GER scales.
The trends at three scales (AMS, GAS, and GER) across each cultivation region were compared to demonstrate the consistency of the FBM and the SBM in reflecting the phenology trends (Fig. 9) . During 2000-2009, the median value (days/year) was delayed by 0.20 for the observed stages at the AMS scale and 0.39 and 0.12 for the estimated stages at the GAS and GER scales, respectively, in NE. However, in YZ, the median value was advanced by 0.22, 0.05, and 0.11 at Fig. 7 The cumulative probability curve of the annual average heading-flowering stages (day) at GER scales estimated by kernel density method in four regions, respectively Fig. 8 The spatial distribution patterns of the temporal trends of annual heading-flowering stages of single rice (day/year) at AMS and GER scales in China during [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] the AMS, GAS, and GER scales, respectively. Similarly, the median value was delayed by 0.27, 0.06, and 0.25 at the AMS, GAS, and GER scales, respectively, in SC and advanced by 0.14, 0.36, and 0.03 at the AMS, GAS, and GER scales, respectively, in YG. Besides, the regional average value (days/year) were 0.293, 0.314, and 0.083 in NE, −0.292, 0.012, and −0.081 in YZ, 0.464, 0.084, and 0.237 in SC and −0.072, −0.388, and −0.011 in YG at AMS, GAS, and GER scales, respectively.
Discussion
Comparisons of the spatiotemporal patterns of the headingflowering stages at three spatial scales To test the differences of the spatiotemporal patterns of the heading-flowering stages at three spatial scales, one-way ANOVA was used to compare the regional average value and trends of the heading-flowering dates at three scales, and a non-parametric test was applied due to the heterogeneity of variance of samples at three scales. The results indicated that no significant differences (p>0.05) were tested at three scales in all of the four regions, which demonstrated the consistency of both the FBM and the SBM. The SBM was demonstrated to be a more effective method to obtain phenological information than the FBM due to its wider coverage. However, in different regions, the ranges of data at three scales were found to be different. Generally, the data range at the GER scale was larger than that at the GAS scale due to the differences in the spatial coverage. At the AMS scale in YZ and SC, the ranges of the key phenological stages were larger than those at the other two scales, while they were much closer in NE. Such results could be attributed to the different simulating ability of the SBM in each region, which had been observed in previous results. A gap exists between the SBM and the FBM, which could be due to the fact that 23.69 % cases at the AMS and GAS scales exceeded ±10 days estimation error overall. For temporal trends, the average value of the trends also had no significant differences at three scales. However, the range of the temporal trends at the GER scale was much larger than those of the other two scales since large spatial coverage contributed much to the complex trends than at the station scales.
Potential reasons for the different spatial patterns of the key phenology stages between natural ecosystems and crop systems across China Generally, the complexity of crop growth and phenology was largely confounded by climatic and agronomic factors (Estrella et al. 2007; Liu et al. 2010) . The necessary conditions for crop growth, such as favorable temperature, precipitation, solar radiation, and photoperiod, functioned as determinant factors on the choice of the crop species and the appropriate farming season (Tao et al. 2012; Zhang and Tao 2013) . Moreover, human management of crops, such as cultivar shifts and the alteration of planting dates to adapt to climate change or avoid cold damage, also had a significant influence on the phenology . Fig. 9 Box plot of trends in heading-flowering stages of single rice across NE, YZ, SC, and YG at AMS, GAS, and GER scales respectively, during [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] Regarding natural vegetation, climatic condition, such as temperature determined by latitude and elevation, was the key controlling factor of the spatial pattern of phenology. Phenology, such as the green-up onset stages delayed from low toward high latitudes in the East of China and with the increase of elevation in the West mountainous area of China, correspondingly lead to a similar spatial pattern for the heading stages (Cong et al. 2012) . Regarding the four single rice cultivation zones, the annual accumulated temperature (>10°C) was 2,000-3,100, 4,500-5,500, 4,500-6,000, and 3,500-5,500°C in NE, YZ, SC, and YG, respectively, which exhibited a large variance (Mei et al. 1988) . In NE, the annual thermal accumulation was the lowest due to its high latitude location, while regions in YZ and SC were much higher, followed by YG. Hence, the heading stages of natural vegetation in NE located at high latitude should be later than that in YZ, SC, and YG due to the lower thermal condition. While at a similar latitude, the heading stages of natural vegetation were later in YG than in YZ and SC due to its higher elevation.
However, specific to crop systems (e.g., single rice), the estimated heading-flowering stages exhibited a diverse pattern. In Fig. 5 , the median value of the heading-flowering stages in NE was later than those in SC and YG, which agreed with the characteristics of natural vegetation. The median value was, however, earlier than that in YZ. Compared with the short growth period in the north cultivation region, the growth period in YZ exhibited a larger time range per year, with a value of 4,500-6,000°C for annual accumulated temperature (>10°C). Therefore, aiming at maximization of the land use to take full advantage of thermal and water conditions, the sowing dates of single rice as the second crop for rotation were relatively later in YZ, contributing to the later heading-flowering stages. In contrast to the SC region, despite the similar yearly thermal condition, the headingflowering stages of single rice was 10-20 days earlier than in the YZ region to avoid the early temperature drop in autumn caused by the special climate characteristics of the basin topography. Hence, for crop systems, the dates of sowing and heading-flowering were dependent not only on temperature but also on the decision of farmers (Estrella et al. 2007 ). Much attention should be paid to the knowledge gaps with respect to the difference between the phenology of the crop systems and the natural vegetation influenced by human factors.
Potential reasons for the different responses of the key phenology stages to warming between crop systems and natural ecosystems across China Trends in the key phenological stages based on the FBM and the SBM at the AMS, GAS, and GER scales in four regions are shown in Fig. 9 . At the AMS scale, the median value of the heading dates was delayed by 0.20 and 0.27 days/year in NE and SC, respectively, and advanced by 0.22 and 0.14 days/ year in YZ and YG, respectively. With respect to the trends at both the GAS and GER scales, they remained consistent with the trends at the AMS scale derived from FBM generally.
It is well known that temperature is the most important driver to crop phenology, which has been studied on a variety of agricultural crops using phenological data from filed trials, simulation models and satellite observations (Yao et al. 2007; Devries et al. 2011; Li et al. 2012; Lobell et al. 2012) . For most natural vegetation, a warming climate significantly influenced the shifts of phenology. Advances in spring onset, delays in autumn senescence and consequently longer growing seasons were detected in temperate zones due to the continuing rise in temperature (Jeong et al. 2011; Vitasse et al. 2011; IPCC 2013) . Lu et al. (2006) also found that flowering dates for four woody plants advanced from 0.05 to 0.175 days/year in the low plain and 0.125-0.375 days/year on the plateau across China on the assumption of a 0.25°C increase in the spring temperatures per decade.
By contrast, the trends of the heading-flowering stages for single rice detected in this study varied in different agroecological zones. Contrary to the natural vegetation, the diverse pattern of the phenological trends of single rice was ascribed to the combined effects of temperature change and cultivar shifts. Previous studies indicated that the length of growth period was negatively correlated with the mean temperature during the growth period of single rice in different agro-ecological zones (Liu et al. 2012; . Correspondingly, the rice growth period in China should be shortened over the past decades due to climate warming. However, the actual lengths of growth period for single rice were detected to increase significantly at most stations due to the adoption of late ripening cultivars for single rice to take advantage of the increased heat resources as an adaption measure for climate change Zhang et al. 2014) . Thus, the strength of the cultivar shifts on rice phenology relative to the temperature influences determined the diverse trends pattern in heading-flowering dates of single rice in different agro-ecological zones for the recent decade.
Conclusions
Compared with the FBM, the study demonstrated the rationality of detecting and monitoring phenological variations using the SBM at a national scale. The spatiotemporal variability of the heading-flowering stages was detected and compared at the AMS, GAS, and GER scales. At the AMS and GAS scales, one-to-one comparison between the observed and the estimated heading-flowering stages indicated that 52.62 and 76.31 % of the cases were within ±5 and ±10 days estimation errors, respectively, for the entire single rice cultivation region, with a RMSE of 8.76 days. At the AMS and GER scales, the spatial pattern indicated that the annual average heading-flowering stages were much earlier in SC than in the other regions, followed by YG, NE, and YZ, which was inconsistent with those of the natural ecosystems mainly depending on climatic condition determined by latitude and elevation. The probability distribution curves were also derived through kernel density estimation in the four regions. Moreover, delayed heading-flowering stages were detected in NE and SC while advanced stages were found in YZ and YG at three scales. Such diverse trends in crop systems could be attributed not only to the changing climate but also to agronomic factors, such as cultivar shifts. Furthermore, no significant differences (p>0.05) of both the regional average value of the phenological stages and the trends were tested in all of the four regions, which demonstrated the consistency between the FBM and the SBM. The potential of the SBM to capture both the spatial and temporal variability of the heading-flowering stages of single rice at the national scale should be emphasized. Besides, dynamic land use data year by year to identify the typical rice-growing area and different smoothing methods to compare the applicability in different regions could also be included in the future study.
